Variations of periphytic diatom sensitivity to the herbicide diuron and relation to species distribution in a contamination gradient: implications for biomonitoring Vincent 
Introduction
Periphytic diatoms are often the dominant microalgae in river biofilm at the light-exposed surface of immersed substrates or sediments. They are easy to collect in the field and present high species diversity that can be analysed under the microscope by the observation of their characteristic siliceous frustules which encapsulate the cells. As they also have different sensitivities to pollution, diatoms are convenient organisms for bioindication in lotic systems and have been extensively used for river water quality assessment, particularly in the European Water Framework Directive. 1 Biological indices using diatoms have proved their ability to measure ecological alterations of rivers due to eutrophication or organic pollution (saprobity). However the current indices cannot account for river pollution by toxic compounds. It was suggested that diatom community variations may also reflect the presence of toxic stressors such as pesticides. [2] [3] [4] [5] As plants, diatoms may be particularly sensitive to herbicides which are commonly found in rivers draining agricultural areas with peak concentrations in spring after field application and rain events. Diuron (3,4-dichlorophenyl)-1,1-dimethylurea is a herbicide which belongs to the phenylurea class. It is used in agriculture and especially vineyards to control undesirable weed growth. Its physiological mode of action consists in the inhibition of photosynthesis via the blockage of electron transport in photosystem II. 7, 8 The presence of diuron has been reported in many freshwater systems all over the world and is the herbicide most often detected in French rivers. 9 To date, the toxicity of diuron towards diatoms has been assessed in two different ways: (1) via short monospecific tests or (2) by the use of contaminated experimental channels and exposure of natural biofilm samples usually over a longer time scale. The first method allows the standard determination of toxicity parameters such as the 50% effect concentration (EC50) from the inhibition of growth or photosynthesis. However, these tests concern a small number of diatom species, mostly standard cultures and marine taxa, as diuron is also an antifouling agent. [10] [11] [12] [13] [14] In the second approach, a large set of relevant species for the study area can be tested at the same time. Nevertheless the complex biotic interactions in diatom communities make the isolation of the toxic effect on individual species difficult, especially at low contamination levels.
3,15
In order to use periphytic diatoms as bioindicators of water contamination by pesticides, variations in the sensitivity of diatom species have to be clearly demonstrated and these variations must lead to the classification of diatoms into groups of tolerance defined on a taxonomic (species or genus level, like current diatom indices) or an ecological basis (life forms) as recently proposed by Rimet and Bouchez.
3 As a contribution to this objective, the present study independently compared the sensitivity to diuron of a few common diatom species isolated from the same river. Variations in sensitivity were then related to the distribution of these species along a contamination gradient (in the Morcille River) in order to check the hypothesis of bioindication: sensitive species have a lower relative abundance in communities where pollution is higher. The results led to a discussion of diatom's potential for the bioindication of pesticide contamination in rivers.
Materials and method

Study area
The Morcille River located in South-East France (Beaujolais area) is a shallow 1 st -order river which presents a clear streamward contamination gradient by pesticides due to the large number of vineyards along its course. In recent years it has been extensively studied to assess the effect of toxicants on microbial communities. [16] [17] [18] Diuron was identified as one of the major contaminants in the river. 6 This study focused on an upstream site (Saint Joseph) not impacted by agriculture and a highly polluted downstream site (Saint Ennemond) (Fig. 1 ). In the upstream site neither diuron nor any other pesticide is usually detected.
2,19 Only 7 kilometres separate the two sites.
Diatom community analysis
Biofilm samples for the examination of diatom community composition were collected at both sites during spring campaigns 20 and recent nomenclature updates. At least 800 individuals were counted from each biofilm sample to calculate species relative abundances in the communities.
River chemical parameters
During the period of substrate colonization, five water samples were regularly taken from both sites for determination of pH, conductivity, dissolved organic carbon (DOC) and nutrients according to standard procedures. In 2008, diuron concentration was determined from the water samples by solid-phase extraction followed by liquid chromatography-tandem mass spectrometry (LC/MS/MS Series 1100 LC, Agilent, France and API 4000, Applied Biosystem, France). In 2009, time-weighted average concentrations of diuron were estimated by the use of polar organic chemicals integrative samplers (POCIS). The analytical methods are described in detail in Pesce et al. 19 Copper concentrations in surface water were analysed by inductively coupled plasma mass spectrometry (ICP-MS, Thermo X7 series II) according to the standard method ISO NF EN 17294-2 (2005) with external calibration. Blanks and certified reference (TM-28.3, lake water, Environment Canada) were systematically used to check the method accuracy.
Diatom cultures
Monospecific diatom cultures were obtained from two biofilm samples collected at the two sites in November 2009. The seven species considered in this study are listed in Table 1 . The preparation of pure cultures of each species followed a two-step process. First a single cell was isolated in a sterile growth medium from a suspension of biofilm by micromanipulation. The population obtained was then grown in agarose (1%). Finally a colony was extracted from the solid medium and cultured again in a liquid growth medium. This two-step process allowed the removal of most of the bacteria present in the biofilm.
The growth medium used for the cultures and tests was autoclaved 0.2 mm filtered water from an unpolluted stream (G eze River at Organ, 43.273 N 0.483 E) enriched with WC nutrients. 21 The species were maintained at 20 C at 150 mmol m À2 s À1 illumination with a 14 : 10 light : dark cycle. ) and subsequent re-dissolution in 100 mL of culture medium. This solution was then sonicated for 1 hour, 0.2 mm filtered and diluted into sterile growth medium to get five solutions at nominal diuron concentrations of 0.5, 1.5, 4.5, 13.5 and 40.5 mg L
À1
. For each test, 15 autoclaved 50 mL glass bottles were filled with 30 mL of the diuron solutions in triplicates plus five control bottles with diuron-free growth medium. Finally 1 mL of a preconditioned exponentially growing culture of the species under study was added to the bottles which were placed on a rotating panel in a culture chamber at 23 C with a 130 mmol m À2 s
illumination and a 14 : 10 light-dark cycle. The diatom biomass in the bottles was estimated by in vivo fluorescence, as a concentration of chlorophyll-a (chla) using a bbe FluoroProbe equipped with a 25 mL cuvette holder. Before pouring the contents of the bottles into the cuvette, the bottom of the bottles was gently rubbed with a brush to ensure complete resuspension of the benthic algae. The initial biomass was measured in an additional bottle and was at similar levels for each of the species tested (0.4-3.8 mg chla L
). Diatom growth during the tests was assessed by the final biomass (in mg chla L À1 ) after 5 AE 1 days (according to the specific growth rate) when biomass started to be visible at the bottom of the bottles. The linear relationship between chla concentration measured by the fluorimeter and cell density counted using an optical microscope (400Â) had been checked previously (Schouler, unpubl. data; Roubeix et al. 22 ). All tests were performed during summer 2010. The tested species were Achnanthidium minutissimum (K€ utzing) Czarnecki (ADMI), Eolimna minima (Grunow) Lange-Bertalot (EOMI), Fragilaria capucina Desmazi eres (FCAP), Navicula lanceolata (Agardh) Ehrenberg (NLAN), Nitzschia linearis (Agardh) W.M. Smith (NLIN), Nitzschia palea (K€ utzing) W. Smith (NPAL) and Encyonema neomesianum Krammer (ENME).
Diuron concentration measurements
Initial diuron concentrations were checked for each test from the five diuron solutions. Samples (50 mL for the two lowest concentrations and 1 mL for the others) were stored frozen until analysis.
For the highest concentrations (i.e. 4.5, 13.5 and 40.5 mg L
À1
), 10 mL of a diuron-d 6 (Dr Ehrenstorfer GmbH, Augsburg, Germany) solution (1 ng mL À1 ) were added as an internal standard and the samples were only filtered with regenerated cellulose membranes (0.45 mm) (Whatman, Versailles, France) prior to the liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) analysis. Regarding the lowest concentration (i.e. 0.5 and 1.5 mg L
) a pre-concentration step was carried out by solid phase extraction (SPE) before the LC-MS/MS analysis.
The SPE step was performed with VisiprepÔ and VisidryÔ systems from Supelco (Saint-Quentin Fallavier, France). The cartridges were conditioned with 5 mL of methanol (MeOH) and 5 mL of ultrapure water (UPW). Then, 50 mL of water sample were passed through the cartridge and 5 mL of UPW (with 5% MeOH) were used for cleaning the cartridge. SPE cartridges were dried for 15 minutes under a gentle stream of nitrogen and stored at 4 C before the elution step. The elution was performed with two volumes of 3 mL, firstly 100% MeOH, and then MeOH : ethyl acetate 75 : 25 (v/v). 10 mL of a diuron-d 6 solution (1 ng mL À1 ) were added as the internal standard and the extract was then evaporated to dryness. Extraction of unfortified mineral water samples was performed simultaneously with a blank control. Following the analytical protocol, the sample extracts were reconstituted in 1 mL of the initial HPLC eluent mixture (acetonitrile : UPW 90 : 10 (v/v)).
An HPLC Ultimate 3000 (Dionex, Voisins-le-Bretonneux, France) coupled with a triple quadripole mass spectrometer API 2000 (AB Sciex, Les Ulis, France) was used for the sample analyses. The chromatographic separation was done on a Gemini-NX C18 3 mm, 110
A, 100 mm Â 2 mm equipped with a SecurityGuard from Phenomenex (Le Pecq, France). The two eluents were acetonitrile (A) and ultrapure water with 5 mM ammonium acetate (B), and a linear gradient was used: 10% of A for 1 min, reaching 30% of A after 4 min, 40% of A after 8 min, 80% of A after 9.5 min, followed by 80% of A until 10.5 min, a decrease of A to 10% after 11 min. Lastly, the initial composition (10% of A) was maintained for 4 min. The total running time was 15 min and the flow rate was kept constant at 400 mL min
. The selected reaction monitoring (SRM) mode was used for quantification of both the diuron (233 > 72 and 233 > 46 SRM transitions) and the diuron-d 6 (239 > 78). The sample injection volume was 50 mL. Further details regarding sample preparation and analysis can be found elsewhere. 23 The diuron concentration was also measured in the river water in which the biofilm was growing and it was found to be under the detection limit (<0.01 mg L
). To estimate abiotic degradation of the diuron during the tests, diuron concentrations set initially at 30 mg L À1 were measured in two control bottles without algae after six days of incubation in the same conditions as the cultures. No significant decrease of diuron concentration was observed during this stability test.
Measured diuron concentrations were always lower than expected because of the low solubility of the herbicide and its unequal dissolution among tests in spite of the application of the same protocol each time. Thus, measured effective concentrations were used for data analysis instead of nominal values.
Statistical analysis
The results of the tests were analysed with R software 24 and the minpack.lm package. The following model was used to fit the data by non-linear regression:
where chla 0 and chla f are initial and final diatom biomasses, C tox is the concentration of diuron and a, b, d, and g are model parameters. This model derived from Hill model accounts for possible stimulation of the endpoint at low concentrations of the toxicant (hormesis). 25 The fitted model was then used to numerically determine the 50% effect concentration (EC50) which was the specific toxicity parameter considered in this study. Finally a bootstrap analysis (10 000 simulations) on weighted residuals gave a 95% confidence interval for the EC50 values.
Results
Monospecific biotests
The model chosen fitted well with the toxicological data (Fig. 2 , Table 1 ). For each diatom species growth inhibition occurred in the diuron concentration range tested (Fig. 2) . At the highest diuron concentration, chla f (eqn (1)) was at most one third of the control level. An increase of chla f was observed at low diuron doses in almost all cases. This apparent stimulation of growth was most striking for E. neomesianum (about 1/3 higher than control) and N. linearis. EC50 values ranged from 5 to 20 mg L
À1
and three groups could be distinguished from their distribution (Fig. 3) with a factor of 2 between groups. First, one species (F. capucina) exhibited the highest sensitivity to diuron (EC50 ¼ 4.5 mg L
). Then four species (N. lanceolata, A. minutissimum, N. linearis and E. minima) showed a close and intermediate sensitivity to the herbicide although E. minima appeared slightly more tolerant. Their EC50 values averaged 8.8 mg L
. Finally two species, N. palea and E. neomesianum, were clearly more tolerant than the other species to the herbicide with EC50 values of 18.5 and 19.0 mg L À1 respectively.
Species field distribution
The relative abundance of the seven species in sampled diatom communities was very variable over years but the general trends observed between the upstream and downstream sites remained generally the same. A. minutissimum was always more abundant upstream (dominant species in the community) than downstream, like the two less represented species E. minima and F. capucina (except in 2008 for the latter). In contrast, the two Nitzschia increased in relative abundance from up to downstream every year. The species E. neomesianum was found only in 2009; it was generally rare in communities but was nevertheless more frequent upstream. Navicula lanceolata showed opposite trends for the two periods: its relative abundance was higher upstream in 2008 but downstream in 2009.
Discussion
Variations in species sensitivity to diuron
The acute toxicity tests based on growth inhibition demonstrated variations in sensitivity to diuron among the seven diatom species. The 4-parameter model used adequately described the complex effect of the herbicide on chla concentration at the end of the tests. Higher chla concentrations compared to controls at low diuron doses had already been observed in experimental channels with biofilm. 15 This 'greening effect' may result from an adaptive increase of pigment production in microalgal cells to compensate for the reduction in photosynthetic efficiency caused by the herbicide. From our results, the extent of this adaptation can be estimated from the height and the broadness of the peak of chla f (Fig. 2, eqn (1) ). Considering the two diatom species F. capucina and E. neomesianum (the most sensitive and the most tolerant to diuron respectively) it seems that the ability to adapt to low levels of the toxic compound determines the overall tolerance as measured by the EC50.
The EC50 values determined in this study fell within the range of values reported from ecotoxicological tests (2.6 to 169 mg L À1 ) with monospecific diatom cultures [11] [12] [13] [14] or with river periphyton. 15, 19 There was a factor of 4 between the lowest and the highest values whereas a factor 7 was found for a group of eight marine diatoms.
14 Much higher values were obtained with natural periphyton from the Morcille River, 19 whose phototrophic community was composed of diatoms at 80%. The Pollution Induced Community Tolerance (PICT) to diuron was illustrated by a 22-fold increase in EC50 from upstream (St Joseph, 22 mg
). This was originally thought to be due to the reduction downstream of sensitive species like A. minutissimum or E. minima and the development of more tolerant species like N. lanceolata. However, our results do not support this hypothesis since these species showed a similar sensitivity to the herbicide. Variations in the abundance of some microalgal species in the periphyton (not tested here) with a much higher tolerance to diuron may explain the tolerance increase of the phototrophic community. It is also likely that local adaptations of diatom species do occur in the river where pollution is the highest and that these adaptations were lost during the six months that elapsed between the isolation of the specimen population from the field and the date of the present tests. Indeed it was demonstrated that periphytic communities transferred from a contaminated to an unpolluted site recovered on a time scale of several weeks with a marked decrease in tolerance to herbicides. existing diatom classifications other than the classic taxonomy involving genera and species. Rimet and Bouchez 3 proposed to use diatom life-forms and ecological guilds 27 to assess pesticide contamination in rivers. Using mesocosms contaminated with diuron and fungicides they found that mobile species and species living in mucous tubules were favoured in the presence of toxicants at the expense of species belonging to the high profile guild. This is consistent with our results since F. capucina is a highprofile species forming ribbon-like colonies and the only strictly non-mobile taxon among those tested in this study. Moreover the ability to form mucous tubules is typical of the genus Encyonema. 28 However the idea that mucous tubules constitute a protection for the diatoms against dissolved toxicants 3 cannot be confirmed here because the cells of E. neomesianum did not form mucous tubules in our tests probably as a result of the absence of current in the culture bottles. Finally the reduction of diatom size with contamination by diuron was reported 3, 15 and this led to the conclusion that small species were more tolerant. This is not supported by the present study as the two species A. minutissimum and E. minima which have the smallest cellular biovolumes (Table 1) were not more tolerant to diuron than larger forms.
Relationship between species sensitivity and in situ distribution
The way diatom species are distributed along the contamination gradient of the Morcille River should reflect their sensitivity to diuron. Indeed, high concentrations of diuron were measured at the downstream site at the time of periphyton sampling in 2008 and in 2009 ( Table 2) . Variations in relative abundance of the species F. capucina and N. palea are consistent with their measured sensitivity (Fig. 4) . However the species of intermediate sensitivity had either lower (A. minutissimum, E. minima) or higher (N. linearis, N. lanceolata) abundance at the polluted downstream site. This indicates that diuron was probably not the main factor determining diatom distribution in the pollution gradient. The diatoms may be under the dominant influence of another toxicant which would affect them differently. Copper is considered the second main toxic stressor in the river 9 and could be a determining factor. However, although Cu concentrations were considerable at the downstream site (Table 2) , it was shown that copper is much less toxic to diatoms than diuron.
12 Finally it Fig. 3 Values of the EC50 with their 95% confidence interval estimated for each diatom species from the toxicological tests with diuron. Species abbreviations are given in Table 1 . Table 1. is also likely that the trophic effect linked to nutrients might dominate over the effect of contaminants. Indeed nutrient as well as dissolved organic carbon concentrations increased going downstream in the Morcille River (Table 2 ). This was shown to result in a decrease of the Specific Polluosensitivity Index (SPI), 2 a biological diatom-based index which is used to assess trophic and saprobic pollution. 29 The specific sensitivity derived from this index accounts better for the distribution of the species tested in the Morcille River than the EC50 of diuron does (Table 1, Fig. 5 ). Indeed the high SPI values of F. capucina, A. minutissimum and E. neomesianum can explain why these species have a preference for upstream water whereas the high value of N. palea which is known as a hyper-eutraphentic species 30 may be the reason behind the higher abundance of the taxon at the nutrient-enriched downstream site. Finally, it seems that the trophic level determines species distribution more than the concentration of diuron in the river, even if the herbicide probably influences diatom community composition too. In a channel experiment, Ricart et al. 15 showed that diuron alone modified the composition of periphytic diatom communities. After 1 month at a concentration of 7 mg L À1 , F. capucina was found only in control conditions (though at very low abundance), the abundance of A. minutissimum was reduced and N. palea appeared indifferent to the presence of diuron. Table 2 Chemical conditions at the two sites of the river (up and downstream) for the two periods under study. Mean values of 5 measurements (standard error in brackets, DOC: dissolved organic carbon). All data except Cu concentrations are from Pesce et al. 19 and Morin et al. Table 1 . 
Conclusions
Unlike with other bioindicator organisms, the diatom sensitivity to toxicants can be easily tested. This study showed significant variations in sensitivity of common species. EC50 values could be used as a basis for the construction of a diatom toxicity index that could indicate a probability of water contamination taking into account the interference of trophic factors. However, the high diversity of diatom species and toxicants could restrict the use of such ecotoxicological tests for the validation of simplification hypotheses as regards to diatom life forms and toxicant modes of action. Indeed the relevance of diatom classification into life forms to indicate contaminations has to be confirmed. It would be also interesting to check whether the differences in the sensitivity of diatoms are the same for pesticides having the same physiological mode of action. Toxic bioindication could be used as a complement to classic trophic bioindication as the sensitivity to toxicants seems to be independent of the sensitivity to trophic pollution as shown by the example of E. neomesianum in this study. Finally, further work should investigate the extent to which diatom species can adapt to toxic stress as variations in sensitivity to pollution at the infraspecific level could seriously impair toxic bioindication reliability.
